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HIGHLIGHTS 


•  Synthesis  temperatures  between  350  °C— 800  °C  are  evaluated. 

•  Excellent  batch-to-batch  reproducibility  is  obtained. 

•  At  cycle  100  discharge  capacities  greater  than  200  mAh  g-1  are  obtained. 

•  Primary  particle  size  significantly  affects  electrochemical  performance. 
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Layered  Li1.2Mno.54Nio.13Coo.13O2  materials  were  synthesized  via  spray  pyrolysis.  Synthesis  conditions 
were  varied  in  order  to  understand  their  effect  on  the  electrochemical  properties  of  the  material.  Three 
process  parameters  were  evaluated:  aerosol  flow  rate,  reactor  wall  temperature  and  precursor  concen¬ 
tration.  Electrochemical  results  show  excellent  batch-to-batch  reproducibility  and  no  non-uniformities,  as 
measured  by  energy  dispersive  X-ray  spectroscopy  (EDX).  Phase  purity  is  maintained  for  all  the  samples  as 
measured  by  powder  X-ray  diffraction  (XRD).  The  primary  particle  size  has  the  most  significant  effect  on 
the  electrochemical  performance  of  the  materials  with  smaller  primary  particles  promoting 
electrochemical  activation  and  increasing  capacity.  Discharge  capacities  exceeding  200  mAh  g-1  after  100 
cycles  at  C/3  rate  (where  1C  =  200  mAh  g-1)  are  consistently  obtained  over  a  wide  range  of  operating 
conditions.  Spray  pyrolysis  is  shown  to  be  a  promising,  robust  synthesis  technique  for  the  production  of 
Li1.2Mno.54Nio.13Coo.13O2  material,  delivering  excellent  electrochemical  performance  within  a  wide  range 
of  process  conditions. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Layered  composites  of  Li2Mn03  and  LiM02  (where  M  =  Mn,  Ni, 
Co,  etc.)  have  received  significant  attention,  delivering  reversible 
discharge  capacities  in  excess  of  200  mAh  g_1  [1-4].  To  enable 
commercial  implementation  of  these  materials  in  plug-in  hybrid 
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electric  vehicles  (PHEVs)  and  electric  vehicles  (EVs),  a  robust  syn¬ 
thesis  method  is  required.  Conventional  synthesis  methods  include 
co-precipitation  processes,  solid-state  processes  and  sol-gel  pro¬ 
cesses  [5—7].  Recently,  modified  versions  of  these  synthesis  tech¬ 
niques  were  successfully  developed,  such  as  polymer  assisted 
synthesis  routes,  solid  state  combustion  synthesis  and  freeze  dry¬ 
ing  for  producing  battery  materials  [8-10].  Most  of  these  processes 
present  significant  challenges  that  can  hinder  large-scale  imple¬ 
mentation,  such  as  long  reaction  times,  compositional  variations  in 
the  product,  impurities  and  batch-to-batch  inconsistencies.  Solid- 
state  synthesis  methods  are  limited  by  the  solid-state  diffusivities 
and  therefore  can  lead  to  impurity  phases  or  differences  in  stoi¬ 
chiometry  within  the  powder,  which  can  compromise  the  elec¬ 
trochemical  performance  of  the  product  [11-14].  Sol-gel  methods 
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can  yield  high-quality  products,  but  in  general  precursors  can  be 
expensive  and  can  leave  residues  in  the  material  [14-16]. 

Co-precipitation  is  considered  to  be  the  state-of-the-art  for  the 
synthesis  of  layered  composite  materials  and  is  capable  of  pro¬ 
ducing  advanced  cathode  morphologies,  such  as  core-shell  type 
materials  with  improved  stability  [17].  Nonetheless,  co¬ 
precipitation  has  its  technological  challenges.  Co-precipitation 
can  yield  non-uniform  composition  due  to  differences  in  solubil¬ 
ity  of  the  various  precursors,  leading  to  impurity  phases  [16,18-22]. 
While  non-uniformities  can  be  reduced  via  heat  treatment,  the 
hold  times  are  long  (>10-20  h)  and  temperatures  are  high  (800- 
1000  °C)  [23,24].  Furthermore,  the  precipitating  agents  require 
several  purification  steps  to  be  removed  and  their  residues  can 
negatively  affect  electrochemical  performance  [20].  These  diffi¬ 
culties  can  also  lead  to  challenges  in  terms  of  batch-to-batch 
reproducibility  during  large-scale  production  [16,20]. 

Spray  pyrolysis  is  a  versatile  synthesis  technique  for  the  pro¬ 
duction  of  multi-component  metal  oxides  (e.g.:  YBa2Cu307, 
0.3Li2Mn03-0.7LiNio.5Mno.502),  including  layered  lithium-ion  bat¬ 
tery  cathode  materials  [25-28].  The  technical  advantages  of  the 
process  include  short  residence  time  (few  seconds)  in  the  reactor 
that  allows  large  throughput;  no  further  post-synthesis  purification 
steps  are  required;  batch-to-batch  reproducibility  is  excellent  and 
the  contamination  profile  of  the  product  meets  or  exceeds  the 
purity  of  the  precursor  [29-32].  Furthermore,  spray  pyrolysis 
typically  utilizes  inexpensive  precursor  solutions  and  simple 
equipment  [29].  Finally,  the  mesoporous  morphology  of  the  prod¬ 
uct  allows  for  complete  activation  of  the  material  [33-35].  These 
properties,  coupled  with  excellent  electrochemical  performance, 
suggest  great  potential  for  commercial  implementation. 

In  spray  pyrolysis  first  a  precursor  solution  is  prepared  by 
dissolving  appropriate  amounts  of  metal  salts,  corresponding  to 
the  desired  stoichiometry  [28,29].  The  precursor  solution  is  aero¬ 
solized  to  form  droplets  and  particles  are  subsequently  formed  in 
a  flow  reactor  due  to  the  evaporation  of  the  solvent,  followed  by 
precipitation  and  thermal  decomposition  of  the  precursor  salts 
[36-38]. 

The  authors  have  previously  reported  the  synthesis  of  cobalt- 
doped  materials,  and  the  Li1.2Mno.54Nio.13Coo.13O2  materials  were 
found  to  display  excellent  electrochemical  performance  [37,38]. 
Therefore,  this  chemistry  was  selected  for  further  optimization.  The 
goal  of  the  present  study  is  to  evaluate  the  effects  of  synthesis 
conditions  on  the  electrochemical  performance  of  Li1.2Mno.54- 
Nio.13Coo.13O2  in  order  to  demonstrate  the  robustness  of  the  pro¬ 
cess.  Synthesis  conditions  were  varied  (including  reactor  and 
preheater  wall  temperature,  aerosol  flow  rate,  precursor  concen¬ 
tration)  and  their  effects  on  the  electrochemical  performance  and 
bulk  properties  of  the  material  were  evaluated. 

2.  Experimental 

Fig.  1  shows  a  schematic  diagram  of  the  modified  aerosol  flow 
reactor  used  for  the  production  of  the  materials.  The  precursor 
solution  was  prepared  by  dissolving  LiN03,  Mn(N03)2-4H20, 
Ni(N03)2  •  6FI2O  and  Co(N03)2 •  6FI2O  (Alfa  Aesar)  in  deionized  water 
at  the  ratio  corresponding  to  Li1.2Mno.54Nio.13Coo.13O2.  The  total 
dissolved  salt  concentration  was  typically  2.5  molL-1  (M). 

The  precursor  solution  was  aerosolized  using  a  2.4  MFIz  ultra¬ 
sonic  nebulizer  (Sonaer  Inc.).  Water-saturated  air  was  used  as  the 
carrier  gas  at  a  constant  flow  rate  of  6.6  L  per  minute  (1pm).  Resi¬ 
dence  time  in  the  system  was  typically  6  s.  The  aerosol  gas  stream 
was  carried  into  a  22  inch  long  preheater,  which  was  kept  at  200  °C, 
followed  by  a  3 -zone  vertical  furnace  reactor,  which  had  a  uniform 
wall  temperature  of  either  350  °C,  450  °C,  550  °C,  575  °C  or  650  °C. 
One  additional  high  temperature  test  was  conducted  where  the 
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Fig.  1.  Schematic  diagram  of  the  tubular  furnace  reactor  setup:  (1)  Bubbler;  (2)  Ul¬ 
trasonic  nebulizer;  (3)  22  inch  long  preheater;  (4)  Thermocouple;  (5)  3-zone  heater; 
(6)  Temperature  controller;  (7)  Porous  membrane  filter. 

preheater  was  kept  at  250  °C  and  the  wall  temperature  was  set  to 
800  °C.  The  as-synthesized  powders  were  collected  downstream  of 
the  reactor  on  a  porous  polycarbonate  membrane  filter  (Whatman, 
GE).  The  effects  of  residence  time  and  concentration  were  studied 
with  fixed  preheater  wall  temperature  of  200  °C  and  reactor  wall 
temperature  of  575  °C. 

The  aerosol  particle  size  distribution  was  measured  using  an 
electrical  low-pressure  impactor  (ELPI  Dekati).  The  as-synthesized 
powders  were  subject  to  annealing  heat  treatment  for  2  h  at 
900  °C  in  a  box  furnace  (Thermal  Product  Solutions).  Thermal 
decomposition  of  the  precursors  was  analyzed  using  a  thermog- 
ravimetric  analyzer  (TGA  Q5000,  TA  Instruments). 

The  annealed  powders  were  characterized  by  XRD  using  a 
Rigaku  Diffractometer  (Geigerflex  D-MAX/A)  at  a  scan  rate  of 
0.04°  s_1  between  10°  and  80°  26.  Structural  refinement  was  per¬ 
formed  using  the  whole  pattern  fitting  (WPF)  method  in  the  Jade 
software.  The  formula  card  of  LiNii/3Mni/3Coi/302  was  used  as  the 
reference  structure  for  structural  refinement.  Rietveld-refinement 
was  performed  using  the  EXPGUI  software  package. 

Particle  morphology  was  examined  with  an  FEI  Nova  2300  Field 
Emission  scanning  electron  microscope  (SEM).  The  primary  particle 
size  was  estimated  from  SEM  images.  EDX  spectroscopy  was  used 
to  determine  elemental  uniformity  in  the  product.  Inductively- 
coupled-plasma  mass  spectrometry  (ICP-MS  Perkin  Elmer  Elan 
DRC  II  ICP-MS)  was  used  to  determine  the  composition  of  the 
precursor  solutions  and  the  annealed  powders. 

The  interior  morphology  of  the  product  was  analyzed  by 
embedding  the  particles  in  a  Ted  Pella  epoxy-based  resin.  Sections 
120  nm  thick  were  cut  from  the  dry  resin  using  a  Leica  Ultrami¬ 
crotome  and  the  sections  were  examined  by  SEM.  Tapped  powder 
density  was  measured  using  a  Quantachrome  Autotap  tapped 
density  analyzer. 

Cathode  film  fabrication  was  performed  according  to  the  pro¬ 
cedure  reported  earlier  [36].  The  cathode  slurry  was  prepared  using 
a  polyvinylidene  fluoride  (PVdF)  binder  solution  (Kureha  Corp. 
Japan)  and  Super-P  conductive  carbon  black  (Timcal)  suspended  in 
l-Methyl-2-pyrrolidinone  (NMP).  Electrochemical  performance  of 
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the  powders  was  evaluated  in  2032-type  coin  cells  (Hohsen  Cor¬ 
poration)  assembled  in  an  argon-filled  glove  box.  Half-cells  were 
assembled  for  electrochemical  tests  using  pure  lithium  anodes  and 
2500  Celgard  membranes  (Celgard,  LLC).  The  electrolyte  solution 
was  1.2  M  LiPF6  in  an  ethylene  carbonate/ethyl-methyl-carbonate 
solution  (EC: EMC  =  3:7  by  weight)  (Tomiyama  High  Purity 
Chemicals). 

Cycling  tests  and  rate  capability  tests  were  performed  according 
to  the  procedures  listed  in  Table  1.  Both  cycling  and  rate  capability 
tests  were  performed  using  an  MTI-BST8-WA  battery  tester  at  room 
temperature,  22  °C. 

3.  Results  and  discussion 

3.1.  Precursor  characterization 

In  a  spray  pyrolysis  process  the  aerosolized  droplets  are  exposed 
to  significant  heating  rates.  In  order  to  better  understand  the 
decomposition  reactions  occurring  in  our  system  TGA  analysis  was 
performed  on  the  precursor  solution  for  Li1.2Mno.54Nio.13Coo.13O2  at 
three  different  ramp  rates:  0.5  °C  min-1,  5  °C  min-1  and 
100  °C  min-1.  As  indicated  by  the  solid  line  in  Fig.  2a,  which  is  for  a 
ramp  rate  of  0.5  °C  min-1  rate,  the  water  (including  the  crystalline 
water  of  the  transitional  metals)  evaporates  and  then  the  sample 
starts  to  decompose  by  70-75  °C.  At  5  °C  min-1  and  100  °C  min-1 
the  high  heating  rate  does  not  permit  slow  evaporation  and  drying, 
thus  solvent  boiling  and  material  decomposition  occur  almost 
simultaneously.  At  0.5  °C  min-1,  5  °C  min-1  rate  and  100  °C  min-1 
the  thermal  decomposition  is  complete  by  400  °C,  475  °C  and 
525  °C,  respectively,  indicating  a  similar  behavior  to  our  earlier 
results  [39,40].  Although  pure  LiN03  decomposes  around  750  °C, 
the  mixture  is  completely  decomposed  by  525  °C  at  all  three  ramp 
rates.  As  earlier  studies  have  indicated,  this  result  suggests  that  the 
decomposition  temperature  profiles  can  be  affected  by  the  pres¬ 
ence  of  water  and  transitional  metals  [41—43].  These  studies 
demonstrated  that  without  further  analysis  of  the  individual 
decomposition  events,  unambiguous  assignment  of  the  peaks  in 
the  decomposition  profile  cannot  be  made.  This  is  due  to  the 
various  decomposition  reactions  involved,  as  a  result  of  the  variable 
oxidation  states  of  the  Ni,  Mn  and  Co  ions. 

3.2.  Reactor  temperature  effects 

Several  studies  have  focused  on  identifying  the  effects  of  reactor 
temperature  on  the  electrochemical  properties  of  various  materials 
synthesized  via  spray  pyrolysis  [44-46].  For  a  given  precursor  so¬ 
lution  concentration,  increasing  the  synthesis  temperature  is  ex¬ 
pected  to  increase  the  primary  particle  size  of  the  materials  while 


Table  1 

Testing  protocol  for  rate  capability  and  cycling  tests. 


Cycling  test  protocol  Rate  capability  test  protocol 

(1C  =  200  mAh  g-1)  (1C  =  200  mAh  g-1) 


Activation 

1  cycle  2.0-4.8  Vat  C/10 

1  cycle  2.0— 4.8  V  at  C/10 

(20  mAg-1) 

(20  mAg-1) 

Subsequent  cycles 

3  cycles  2.0-4.6  V  at  C/10 

4  cycles  2.0-4.6  V  at  C/10 

(20  mAg-1) 

(20  mA  g-1) 

96  cycles  2.0-4.6  V  at  C/3 

10  cycles  2.0-4.6  Vat  C/5 

(66.67  mA  g-1) 

(40  mA  g-1) 

20  cycles  2.0-4.6  V  at  C/2 
(100  mA  g-1) 

40  cycles  2.0-4.6  V  at  1C 
(200  mA  g-1) 

25  cycles  2.0-4.6  V  at  C/10 
(20  mAg-1) 

Temperature  (°C) 


Fig.  2.  TGA  analysis  of  decomposition  of  Li12Mno.54Nio.13Coo.13O2  at  0.5°  C  min  \ 
5°  C  min-1  and  100°  C  min-1. 


having  only  a  minor  effect  on  secondary  particle  size.  Primary 
particle  size  can  be  increased  further  via  post-synthesis  annealing, 
which  can  lead  to  longer  lithium  ion  diffusion  pathways.  Fig.  3 
shows  the  XRD  patterns  of  the  as-synthesized  powders  prepared 
at  reactor  temperatures  of  350  °C,  575  °C  and  800  °C.  At  a  synthesis 
temperature  of  350  °C  unreacted  lithium  nitrate  residues  were 
found,  as  indicated  by  the  arrows  in  Fig.  3.  As  expected,  these 
powders  were  hygroscopic.  These  results  are  consistent  with  re¬ 
sults  of  the  TGA  study. 


2  0  (°) 


Fig.  3.  XRD  patterns  of  the  as-synthesized  powders  synthesized  at  350  °C,  575  °C  and 
800  °C.  The  arrows  indicate  the  peaks  corresponding  to  LiN03  residues  in  the  sample. 
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2  0  (°) 

Fig.  4.  XRD  patterns  of  the  annealed  powders  synthesized  at  350  °C,  575  °C  and 
800  °C.  The  insets  show  the  superlattice-reflections  occurring  between  20  and  25°  20. 
The  standard  pdf  card  is  added  to  the  800  °C  pattern  using  PDF  #  04-014-4549. 

The  as-synthesized  particles  had  a  mean  particle  size  of  1.7  pm 
[37,38].  Increasing  the  reactor  temperature  improves  the  crystal¬ 
linity  of  the  powder  by  promoting  growth  of  the  primary  particles, 
as  indicated  by  the  increase  in  the  intensity  of  the  peaks  with 


temperature.  Similar  results  for  reactor  temperature  were  reported 
by  Kang  and  Wang  for  phosphors  [44,45].  Based  on  the  XRD  pat¬ 
terns  of  the  as-synthesized  materials,  the  following  production 
temperatures  were  selected  for  electrochemical  testing:  350  °C, 
450  °C,  575  °C,  650  °C  and  800  °C.  All  materials  were  calcined  at 
900  °C  for  2  h  before  electrochemical  testing.  The  residual  UNO3  in 
the  as-synthesized  samples  is  not  present  in  the  final  product. 
Fig.  4  shows  the  XRD  patterns  of  powders  synthesized  at  350  °C, 
575  °C  and  800  °C  after  annealing  at  900  °C  for  2  h.  The  products 
are  phase  pure  materials  and  the  spectra  are  in  excellent  agree¬ 
ment  with  those  for  Li1.2Mno.54Nio.13Coo.13O2  reported  in  the  liter¬ 
ature  [1,9,47].  All  the  materials  display  the  broad-peak  between  20 
and  25°  28  corresponding  to  the  ordering  between  the  Li2Mn03 
and  the  LiM02  structural  components.  Rietveld  refinement  was 
performed  on  Li1.2Mno.54Nio.13Coo.13O2  synthesized  at  350  °C, 
575  °C  and  800  °C.  The  structures  were  modeled  as  a  mixture  of 
Li2Mn03  and  LiNii/3Mni/3Coi/302  at  a  5:5  ratio  [48-50].  Table  2 
shows  the  atomic  positions,  unit  cell  parameters  and  reliability 
factors,  which  validate  the  structural  model  of  the  refinement.  The 
different  synthesis  temperatures  cause  some  variation  in  the 
atomic  position. 

SEM-images  were  used  to  evaluate  the  primary  particle  size  of 
the  annealed  powders  synthesized  at  different  reactor  tempera¬ 
tures  (c.f.,  Fig.  5).  After  annealing,  the  primary  particles  show 
crystallinity,  and  the  crystal  orientation  within  the  secondary  par¬ 
ticles  is  random.  The  particles  are  nearly  equiaxed,  allowing  the 
average  primary  particle  size  to  be  estimated  according  to  the 
procedure  of  Buesser  and  Pratsinis  [51].  The  primary  particle  size 
was  determined  by  averaging  the  results  of  100  primary  particle 
measurements  and  was  found  to  be  335  ±  10  nm,  235  ±  10  nm, 
230  ±  10  nm,  320  ±  10  nm  and  320  ±  10  nm  for  powders  syn¬ 
thesized  at  350  °C,  450  °C,  575  °C,  650  °C  and  800  °C,  respectively, 
when  annealed  at  900  °C  for  2  h.  At  a  350  °C  reactor  temperature 
the  decomposition  is  incomplete,  as  shown  in  Fig.  3,  and  this 
apparently  increases  the  average  primary  particle  size.  As  discussed 
below,  this  may  in  part  be  the  result  of  the  ill-defined  primary 
particles,  caused  by  the  incomplete  decomposition. 


Table  2 

Result  of  the  two  phase  Rietveld-refinement  assuming  a  phase  ratio  of  5:5,  between  Li2Mn03  and  LiNii/3Mni/3Coi/302  for  Li1.2Mno.54Nio.13Coo.13O2  synthesized  at  350  °C,  575  °C 
and  800  °C. 


Element 

Site 

Fractional  coordinate 

Occup. 

Phase  I:  Li2Mn03  (C2Jm) 

Lil 

2b 

0/0/0 

0.5/0.5/0.5 

0/0/0 

0.8540/0.8540/0.8540 

Mnl 

2b 

0/0/0 

0.5/0.5/0.5 

0/0/0 

0.1460/0.1460/0.1460 

Li2 

2c 

0/0/0 

0/0/0 

0.5/0.5/0.5 

1.0/1.0/1.0 

Li3 

4h 

0/0/0 

0.6976/0.6810/0.7780 

0.5/0.5/0.5 

0.9860/0.9860/0.9860 

Mn2 

4h 

0/0/0 

0.7283/0.8310/0.6529 
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Fig.  5.  SEM  photographs  of  powder  synthesized  at  (a)  350  °C;  (b)  575  °C;  (c)  800  °C.  The  first  column  shows  the  as-synthesized  material,  and  the  second  column  shows  the  material 
after  annealing  at  900  °C  for  2  h. 


Fig.  5  shows  the  morphology  of  the  annealed  powders  pro¬ 
duced  at  350  °C,  575  °C  and  800  °C  as  observed  by  SEM.  The 
powder  synthesized  at  350  °C  displays  an  ill-defined  cluster  of 
material  (Fig.  5a).  Spherical  particles  are  apparent,  but  the  parti¬ 
cles  display  necked  structures.  The  as-produced  powder  is 
extremely  hygroscopic  due  to  the  large  amount  of  LiN03  still 
remaining  in  the  sample.  It  is  speculated  that  this  morphology  is  a 
result  of  partial  redissolution  of  the  unreacted  nitrates  remaining 
in  the  sample.  After  annealing,  a  spherical  shape  is  more  preva¬ 
lent,  but  the  particles  continue  to  show  necks.  When  the  synthesis 
temperature  increases  above  575  °C,  necking  is  no  longer  observed 
(Fig.  5b).  Smaller  particles  appear  to  be  porous  and  spherical. 
Larger  particles,  typically  above  1.5-2  pm,  have  dents  and  are 
irregularly  shaped,  suggesting  that  the  particles  have  a  hollow 
interior. 

Powders  synthesized  at  650  °C  and  800  °C  display  similar 
morphologies  to  powders  synthesized  at  575  °C  (Fig.  5c).  The  larger 
primary  particles  obtained  for  the  as-synthesized  powders  at 
reactor  temperatures  of  650  °C  and  800  °C,  as  indicated  by  the  XRD 


results  in  Fig.  3,  show  that  reactor  temperature  is  important  in 
defining  the  ultimate  primary  particle  size  [44]. 

The  tap  densities  of  the  powders  synthesized  at  various  tem¬ 
peratures  are  listed  in  Table  3.  The  largest  tap  density  of  0.86  g  cm-3 
was  observed  at  the  temperature  where  the  powder  fully  de¬ 
composes.  Below  575  °C,  smaller  tap  densities  are  likely  to  be 
caused  by  the  observed  necking,  whereas  above  575  °C  the  tap 
density  does  not  change  beyond  measurement  error.  These  tap 
density  results  are  comparable  to  other  lithium-ion  battery  cathode 
powders  prepared  via  spray  pyrolysis  [52].  Further  improvements 
of  the  tap  density  are  necessary  to  meet  energy  density  re¬ 
quirements  of  electric  vehicles.  Results  of  recent  improvements, 
where  the  tap  density  is  increased  to  >1  g  cm-3,  will  be  discussed 
in  an  upcoming  paper. 

A  microtome  study  was  performed  on  the  powder  synthesized 
at  575  °C  to  characterize  the  interior  morphology,  which  was 
observed  by  SEM  (Fig.  6).  The  particles  are  composed  from  100  to 
400  nm  size  primary  particles.  When  the  secondary  particles  are 
above  1.8-2.0  pm  the  particles  begin  to  display  a  hollow  interior. 
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Table  3 

Tap  density  of  the  powders  synthesized  at  various  reactor  temperatures  after 
annealing  at  900  °C  for  2  h. 


Synthesis  temperature  (°C) 

Tapped  density  (g  cm  3) 

450 

0.60 

550 

0.64 

575 

0.86 

650 

0.78 

700 

0.77 

As  discussed  by  Messing  and  Jain,  hollow  sphere  formation  is  a 
complex  phenomenon  affected  by  many  parameters  [28,53].  Once 
the  precursor  solution  is  aerosolized  to  form  droplets,  particles 
form  due  to  the  evaporation  of  the  solvent  and  the  subsequent 
precipitation  of  the  precursor  salts  [28].  During  the  rapid  drying 
period  if  the  surface  concentration  reaches  supersaturation  before 
the  core  reaches  saturation,  the  likelihood  to  form  hollow  spheres 
increases.  Yet,  hollow  spheres  were  experimentally  observed  even 
for  solutions  with  saturated  concentrations  throughout  the  parti¬ 
cles  [28]. 

Jain  et  al.  found  that  hollow  sphere  formation  strongly  correlates 
with  the  tendency  of  the  precursor  salt  to  melt  before  the 
decomposition  reaction  occurs  [53].  For  example,  they  observed 
that  nitrates  of  Mn,  Ni  or  Co  melt  before  decomposition  and  that 
this  property  correlates  with  a  tendency  to  form  hollow  spheres. 
This  can  be  further  complicated  if  the  gases  that  evolve  during 
decomposition  are  not  able  to  leave  the  surface  of  the  particle,  i.e. 
the  permeability  of  the  surface  during  decomposition  is  low  for  the 
evolving  gases.  This  can  yield  an  inflated  particle  with  a  hollow 
interior.  Further  study  is  necessary  to  understand  and  overcome 
hollow  sphere  formation,  but  this  is  beyond  the  goals  of  the  current 
study. 

ICP-MS  measurements  indicate  good  agreement  between  the 
composition  of  the  materials  and  the  desired  chemistry,  similar  to 
our  earlier  report  [38].  EDX  spectroscopy  was  performed  on  the 
powder  synthesized  at  575  °C  to  evaluate  the  elemental  distribu¬ 
tion  of  Mn,  Ni,  Co  and  O  inside  the  powder  (Fig.  7).  The  distribution 
of  the  elements  is  uniform  throughout  the  powder.  No  impurity 
peaks  can  be  detected  by  EDX  spectroscopy  and  therefore  the  XRD 
pattern  of  the  sample  is  not  displayed. 
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Fig.  6.  SEM  image  showing  the  interior  morphology  of  the  powder. 


In  summary,  the  reactor  synthesis  temperature  does  not  indi¬ 
cate  any  difference  in  the  XRD-patterns  of  the  powders,  and 
Rietveld-refinement  shows  minor  deviations  in  the  atomic  posi¬ 
tions.  Unreacted  UNO3,  which  is  present  in  samples  synthesized  at 
350  °C  fully  decomposes  during  the  annealing  heat  treatment. 
Changes  in  the  synthesis  temperature  provide  us  with  a  method  to 
control  primary  particle  size  and  the  tap  density  of  the  powder,  but 
do  not  present  us  with  a  method  to  reduce  the  interior  hollowness 
of  the  structures.  FIollow  spheres  appear  to  be  the  main  reason 
behind  the  low  tap  density  of  these  materials. 


3.3.  Precursor  concentration  effects 

Studies  indicate  that  the  concentration  of  the  precursor  solu¬ 
tion  correlates  with  the  secondary  particle  size  of  the  product 
[53-55  .  At  a  fixed  reactor  temperature  a  reduction  in  concen¬ 
tration  reduces  the  secondary  particle  size  [44].  Several  studies 
demonstrated  that  by  reducing  the  precursor  solution  concen¬ 
tration  to  <<0.5  M  the  secondary  particle  size  can  be  controlled 
accurately  for  single  and  simple  multi-component  oxides,  allow¬ 
ing  for  partial  control  of  hollow  sphere  formation  [28, 44, 53, SO¬ 
SO].  While  these  low-concentration  studies  may  help  in  under¬ 
standing  the  fundamental  mechanisms  of  particle  formation  they 
do  not  present  a  viable  option  for  commercial  scale  production. 
Increasing  the  precursor  concentration  can  also  lead  to  an  in¬ 
crease  in  the  number  of  nucleation  sites,  which  can  in  turn  reduce 
the  primary  particle  size  of  the  product  and  improve  the  elec¬ 
trochemical  performance  of  the  material  [54,60].  To  identify  the 
effect  of  concentration  on  the  electrochemical  performance,  three 
precursor  concentrations  were  studied:  0.5  M,  1  M  and  2.5  M.  The 
0.5  M  and  1  M  solutions  were  prepared  by  diluting  the  2.5  M 
solution  to  preserve  the  stoichiometry  of  the  original  precursor. 

The  morphologies  of  these  powders  are  identical  to  those  in 
Fig.  5  and  therefore  are  not  displayed.  The  primary  particle  size  of 
the  powder  made  from  the  1  M  precursor  solution  is 
240  ±  10  nm,  which  is  very  similar  to  that  of  the  powders  syn¬ 
thesized  from  the  2.5  M  precursor.  Further  dilution  of  the  pre¬ 
cursor  solution  to  0.5  M  precursor  results  in  an  increase  in 
primary  particle  size  to  350  ±  10  nm.  According  to  Fig.  8  the 
average  secondary  particle  size  of  the  material  synthesized  with 
the  1  M  precursor  is  larger  than  that  for  the  material  synthesized 
from  the  2.5  M  precursor.  Apparently,  the  reduced  viscosity  of  the 
1  M  precursor  solution  allows  larger  droplets  to  form  without 
affecting  the  nucleation  characteristics,  as  was  found  in  Refs. 
[44,57,58].  According  to  these  studies  the  nucleation  properties 
and  the  droplet  size  of  sprays  typically  only  change  when  the 
concentration  is  decreased  below  1  M.  The  current  results  display 
similar  trends  with  the  primary  particle  sizes  being  350  ±  10  nm, 
240  ±  10  nm  and  230  ±  10  nm  for  the  0.5  M,  1  M  and  2.5  M 
precursor  solution,  respectively.  These  results  are  consistent  with 
homogeneous  nucleation  theory  wherein  a  more  dilute  solution 
will  yield  less  nucleation  sites,  and  the  fewer  sites  will  lead  to  a 
larger  primary  particle  size  [1,44,61]. 

Changing  the  concentration  of  the  precursor  solution  provides 
us  with  an  additional  method  to  control  the  primary  particle  size  of 
the  product  without  impacting  phase  purity.  XRD  results  indicated 
no  significant  difference  between  the  different  samples  and 
therefore  are  not  displayed.  For  the  range  of  concentrations 
considered  here,  concentration  has  a  minor  effect  on  secondary 
particle  size.  The  secondary  particle  size  is  essentially  determined 
by  the  nebulizer  used  in  the  synthesis  process.  Significant  reduction 
in  the  concentration  would  be  necessary  to  provide  accurate  con¬ 
trol  over  the  particle  size  of  the  product,  which  would  limit  the 
practical  application  of  spray  pyrolysis. 
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Mn  Ni  Co  02 


Fig.  7.  Elemental  distribution  of  Mn,  Ni,  Co  and  02  in  the  powder  synthesized  at  575  °C  at  6.6  1pm  flow  rate  as  observed  by  EDX  spectroscopy  at  10,000  times  magnification. 


3.4.  Effects  of  flow  rate 

The  aerosol  flow  rate  and  the  residence  time  in  the  aerosol  flow 
reactor  are  synonymous  parameters  in  a  spray  pyrolysis  process. 
Residence  time  in  the  reactor  will  define  the  time  available  for 
decomposition  and  coarsening  at  a  given  reactor  temperature,  both 
of  which  can  affect  the  electrochemical  performance  of  the  mate¬ 
rial.  Therefore  it  is  essential  to  evaluate  the  effect  of  residence  time 
on  the  electrochemical  properties  at  a  given  reactor  temperature. 
Two  flow  rates  were  studied:  6.6 1pm  and  10.4 1pm  corresponding  to 
6  s  and  4  s  residence  time. 

Fig.  9  shows  the  particle  size  distribution  of  the  powders 
synthesized  at  these  flow  rates.  The  median  particle  sizes  are 
around  1.5  pm.  Increasing  the  flow  rate  leads  to  a  drop  in  the 
number  density,  which  is  speculated  to  be  the  result  of  impaction 

[29,62]. 

The  morphologies  of  the  as-synthesized  and  annealed  powders 
prepared  at  a  flow  rate  of  10.4  1pm  are  displayed  in  Fig.  10.  The  as- 
synthesized  powders  form  interconnected  structures  and  display 
similar  morphologies  to  those  observed  for  powders  synthesized  at 
350  °C  as  displayed  in  Fig.  5a.  The  interconnected  structures  are 
indicative  of  unreacted  nitrates.  The  reduction  in  residence  time 
shows  that  at  this  temperature  the  amount  of  heat  transported  into 
the  droplets  is  insufficient  to  ensure  complete  decomposition.  It  is 
clear  that  a  certain  minimum  temperature  must  be  determined  and 
maintained  for  a  given  residence  time  to  ensure  complete  decom¬ 
position.  Following  the  annealing  heat  treatment  at  900  °C  for  2  h 
the  particles  separate  into  spheres  and  no  obvious  necking  is 
observed.  The  primary  particle  size  due  to  incomplete  decompo¬ 
sition  increases  to  325  ±  10  nm. 


1.0E+05 
9.0E+04 
^  8.0E+04 
££  7.0E+04 

6.0E+04 

*17) 

S  5.0E+04 

~o 

q3  4.0E+04 

-Q 

E  3.0E+04 

3 

z 

2.0E+04 

1.0E+04 

0.0E+00 


h2 

..5 

IV 

1 

T 

1 

.IV 

1 

— ~ 

r 

c 

l\/ 

i 

L 

J.D 

IV 

i 

— 

0.01  0.1 


10 


Dp  (nm) 


Figs.  8  and  9  indicate  that  the  secondary  particle  size  is  primarily 
determined  by  the  droplet  generation  method,  with  reactor  and 
flow  parameters  having  only  a  secondary  effect.  The  oscillation 
frequency  of  the  ultrasonic  nebulizer  determines  the  mean  droplet 
size  through  the  Lang  equation  [28,63].  The  resulting  particle  size 
(dp)  can  be  empirically  estimated  based  on  the  droplet  size  (dh).  The 
former  is  dependent  on  the  densities  of  the  precursor  solution  and 
the  synthesized  oxide,  and  the  latter  is  dependent  on  the  concen¬ 
tration  of  the  precursor  solution,  which  affects  the  surface  tension 
and  viscosity  [63-65].  In  order  to  change  the  secondary  particle 
size,  either  a  different  ultrasonic  crystal  or  a  different  atomization 
technique  (such  as  air-assisted  atomizers  or  two-fluid  nozzles) 
must  be  used  [56,66-68]. 

3.5.  Cycling  and  rate  capability  tests 

To  evaluate  the  effects  of  synthesis  conditions  on  cycle  and  rate 
capability,  8  samples  were  tested.  Half  cells  were  assembled  from 
the  materials  synthesized  at  the  different  temperatures,  flow  rates 
and  concentrations.  The  reproducibility  of  the  process  was  evalu¬ 
ated  using  charge  and  discharge  tests  performed  on  the  material 
synthesized  at  575  °C.  The  standard  deviation  for  cycling  tests  was 
4  mAh  g-1  at  C/3  rate  during  cycle  tests  based  on  4  batches  pro¬ 
duced  under  identical  conditions  on  different  dates.  This  indicates 
excellent  batch-to-batch  reproducibility. 

Fig.  11a— c  compare  the  cycling  performance  of  the  materials 
synthesized  at  different  temperatures,  flow  rates  and  concentra¬ 
tions,  respectively.  Increasing  the  testing  rate  from  C/10  to  C/3 
(20  mA  g_1  to  66.67  mA  g-1)  leads  to  a  drop  of  35  ±  3  mAh  g-1  for 
the  studied  chemistries.  The  average  values  were  obtained  by 
averaging  the  differences  between  the  respective  discharge  ca¬ 
pacities  for  the  eight  materials  studied.  Among  the  different  syn¬ 
thesis  temperatures  the  powder  synthesized  at  575  °C  displays  the 
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Fig.  8.  Particle  size  distribution  of  the  powder  synthesized  from  0.5  M,  1  M  and  2.5  M  Fig.  9.  Particle  size  distribution  of  the  powder  synthesized  at  6.6  1pm  and  10.4  1pm 
precursor  solutions.  flow  rates. 
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Fig.  10.  Morphology  of  the  powder  synthesized  at  10.4  1pm.  (a)  As-synthesized;  (b)  annealed. 


highest  absolute  capacity,  showing  a  206  mAh  g_1  discharge  ca¬ 
pacity  after  100  cycles  at  C/3  rate.  The  powder  synthesized  at 
800  °C  displays  the  lowest  capacity:  after  100  cycles  it  retains 
162  mAh  g-1  at  C/3  rate.  The  cycling  test  results  can  be  correlated 
to  the  average  primary  particle  size  of  the  materials  (Fig.  12).  The 
smaller  primary  particle  size  apparently  allows  the  materials  to  be 


fully  activated  at  22  °C.  It  is  speculated  that  at  a  primary  particle 
size  of  around  320-340  nm  the  core  of  the  primary  particles  can 
no  longer  be  fully  activated,  leading  to  a  reduction  in  charge  and 
discharge  capacity. 

The  sample  synthesized  at  350  °C  has  an  estimated  primary 
particle  size  of  335  ±  10  nm,  which  is  larger  than  that  of  the 


Cycle  Number  (-) 


Fig.  11.  Cycling  performance  of  cells  synthesized  at  (a)  350  °C,  450  °C,  575  °C,  650  °C  and  800  °C;  (b)  6.6  1pm  and  10.4  1pm;  (c)  0.5  M,  1  M  and  2.5  M  precursor  solution;  Rate 
capability  tests  of  cells  synthesized  at  (d)  350  °C,  450  °C,  575  °C,  650  °C,  and  800  °C;  (e)  6.6  1pm  and  10.4 1pm;  (f)  0.5  M,  1  M  and  2.5  M  precursor  solution.  The  open/solid  symbols 
show  charge/discharge  capacities,  respectively. 
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samples  synthesized  at  800  °C  (320  ±  10  nm).  Nonetheless,  the 
capacity  is  slightly  higher. 

The  powder  synthesized  at  a  flow  rate  of  6.6  1pm,  displays 
206  mAh  g-1  at  cycle  100  at  C/3  rate,  while  the  powder  synthesized 
at  10.4  1pm  only  displays  172  mAh  g-1.  This  is  consistent  with  our 
observation  that  the  primary  particle  size  of  the  material  synthe¬ 
sized  at  10.4  1pm  increased  to  325  ±  10  nm  and  that  the  larger  size 
leads  to  lower  capacity. 

The  effect  of  precursor  concentration  on  the  cycling  perfor¬ 
mance  shows  a  strong  correlation  with  the  primary  particle  size  of 
the  material.  The  cell  prepared  from  the  0.5  M  precursor  displays 
only  177  mAh  g-1  capacity  at  cycle  100.  The  electrochemical  per¬ 
formances  of  the  materials  prepared  from  the  1  M  and  2.5  M  pre¬ 
cursor  solutions  are  comparable,  as  the  cells  display  206  mAh  g_1 
and  212  mAh  g  1  capacities,  respectively.  Thus  increasing  the 
precursor  concentration  enhances  the  electrochemical  perfor¬ 
mance  of  the  material. 

Similar  trends  can  be  observed  for  the  rate  capability  tests  of 
the  materials  (Fig.  lld-f).  For  the  rate  capability  tests  the  increase 
in  testing  current  from  C/10  to  C/5,  C/2,  and  C/1  (which  corre¬ 
sponds  to  current  densities  of  20  mA  g-1,  40  mA  g-1, 100  mA  g_1 
and  200  mA  g_1,  respectively)  leads  to  an  average  drop  of  20  ±  3, 
30  ±  3  and  26  ±  3  mAh  g_1  for  each  step,  respectively.  The  cells 
fabricated  from  the  materials  synthesized  at  450  °C  and  575  °C 
display  the  highest  reversible  capacity  values.  At  cycle  79,  during 
the  last  cycle  at  1C  the  materials  retain  174  mAh  g-1  and 
169  mAh  g^1  capacities  respectively,  which  is  comparable  to  ma¬ 
terials  synthesized  via  co-precipitation  [5,69].  No  irreversible 


capacity  loss  is  observed.  The  material  synthesized  at  10.4  1pm 
displays  lower  capacities.  While  the  powder  synthesized  at  6.6 1pm 
shows  169  mAh  g-1  capacity  at  cycle  79  at  1C  rate,  the  10.4  1pm 
powder  only  displays  128  mAh  g_1.  The  change  in  the  particle  size 
with  the  precursor  concentration  has  a  similar  effect,  and  the 
powder  synthesized  from  the  1  M  and  2.5  M  precursor  solution 
retains  160  mAh  g-1  and  169  mAh  g_1,  respectively,  at  cycle  79  at 
1C  rate,  while  the  powder  synthesized  from  the  0.5  M  solution  only 
shows  138  mAh  g-1. 

According  to  Fig.  11,  for  the  synthesis  temperatures,  residence 
times  and  precursor  concentrations  considered,  the  capacity  fade 
rate  or  the  capacity  retention  of  the  material  is  similar  for  the 
conditions  studied. 

Although  some  differences  can  be  observed  in  the  morphology 
of  the  powder  due  to  differences  in  the  synthesis  temperature,  no 
correlation  can  be  identified  between  the  morphology  and  the 
electrochemical  performance.  While  studies  have  revealed  that 
particle  shape  can  be  varied  with  synthesis  method  [70,71],  the 
spherical  morphology  is  expected  to  be  the  most  desirable  for 
packing  density,  provided  that  hollow  spheres  can  be  avoided. 

3.6.  Voltage  fade 

Layered  materials  are  known  to  experience  a  structural  change 
occurring  during  cycling  that  is  speculated  to  be  a  layered-spinel 
phase  transition  [38,47,72-74].  This  leads  to  voltage  fade,  which 
has  been  discussed  by  recent  studies  [47,73].  Over  cycling,  the 
shapes  of  the  charge  and  discharge  curves  change  significantly  with 
a  shift  towards  lower  voltages,  which  causes  a  fade  in  the  battery’s 
energy  density. 

Fig.  13  compares  the  dQJdV  curves  for  cycles  1  and  100  for  the 
materials  synthesized  at  350  °C,  575  °C  and  800  °C.  The  first  cycle 
curves  all  display  two  activation  peaks,  where  the  peak  above 
4.5  V  can  be  associated  with  the  activation  of  the  Li2Mn03 
component  in  the  structure.  The  curves  at  cycle  100  show  that 
reactor  temperature  has  some  effect  on  the  voltage  fade  but  the 
differences  are  minor,  indicating  that  this  structural  change 
cannot  be  overcome  by  changes  in  the  synthesis  conditions  alone. 

4.  Conclusions 

Layered  cathode  materials  were  synthesized  via  spray  pyrolysis. 
The  primary  and  secondary  particle  sizes  of  the  powders  are 
affected  by  reactor  synthesis  temperature,  concentration  of  the 
precursor  and  residence  time  in  the  reactor.  These  parameters  need 
to  be  controlled  to  achieve  optimal  electrochemical  performance, 
but  the  spray  pyrolysis  process  is  rather  robust  in  that  major 
changes  were  not  observed  and  the  batch-to-batch  reproducibility 
was  excellent.  Variations  in  these  parameters  provide  limited 


Fig.  13.  dQJdV  curves  of  cycle  1  and  cycle  100  of  powders  synthesized  at  (a)  350  °C,  (b)  575  °C  and  (c)  800  °C. 
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control  over  the  morphology  of  the  particles  in  terms  of  size,  hol¬ 
lowness  and  shape. 

The  three  analyzed  synthesis  parameters  (synthesis  tempera¬ 
ture,  concentration  and  flow  rate)  allow  us  to  improve  the  rate 
capability  by  changing  the  primary  particle  size.  Minor  differences 
can  be  observed  in  the  charge  and  discharge  curves  of  the  materials 
synthesized  at  different  temperatures.  The  results  clearly  show  that 
variations  in  the  synthesis  conditions  are  not  capable  of  preventing 
the  structural  change  that  leads  to  the  voltage  fade  of  these 
materials. 

Compared  to  other  synthesis  techniques,  our  study  did  not 
reveal  any  challenges  with  batch-to-batch  reproducibility, 
compositional  non-uniformities  or  contaminations  in  the  mate¬ 
rial.  The  materials  produced  in  the  spray  pyrolysis  process  are 
phase  pure  and  their  contamination  meets  or  exceeds  that  of  the 
precursor  salts.  Results  indicate  that  a  wide  range  of  process 
variables  exist,  wherein  spray  pyrolysis  consistently  yields  cath¬ 
ode  materials  with  excellent  electrochemical  performance. 
Nonetheless,  improvements  to  the  tap  density  are  necessary.  This 
study  demonstrates  that  spray  pyrolysis  is  a  promising  alterna¬ 
tive  synthesis  method  for  the  production  of  layered  cathode 
materials. 
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